This study establishes that the physical state of the extracellular matrix can regulate integrinmediated cytoskeletal assembly and tyrosine phosphorylation to generate two distinct types of cell-matrix adhesions. In primary fibroblasts, ␣ 5 ␤ 1 integrin associates mainly with fibronectin fibrils and forms adhesions structurally distinct from focal contacts, independent of actomyosinmediated cell contractility. These "fibrillar adhesions" are enriched in tensin, but contain low levels of the typical focal contact components paxillin, vinculin, and tyrosine-phosphorylated proteins. However, when the fibronectin is covalently linked to the substrate, ␣ 5 ␤ 1 integrin forms highly tyrosine-phosphorylated, "classical" focal contacts containing high levels of paxillin and vinculin. These experiments indicate that the physical state of the matrix, not just its molecular composition, is a critical factor in defining cytoskeletal organization and phosphorylation at adhesion sites. We propose that molecular organization of adhesion sites is controlled by at least two mechanisms: 1) specific integrins associate with their ligands in transmembrane complexes with appropriate cytoplasmic anchor proteins (e.g., fibronectin-␣ 5 ␤ 1 integrin-tensin complexes), and 2) physical properties (e.g., rigidity) of the extracellular matrix regulate local tension at adhesion sites and activate local tyrosine phosphorylation, recruiting a variety of plaque molecules to these sites. These mechanisms generate structurally and functionally distinct types of matrix adhesions in fibroblasts.
INTRODUCTION
The association of cells with the extracellular matrix (ECM) initiates the assembly of specific cell-matrix adhesion sites. These sites are involved in physical attachment of cells to external surfaces, which is essential for cell migration and tissue formation as well as for activation of adhesion-mediated signaling events. Key mediators of both matrix attachment and signaling responses are the integrins, which are heterodimeric transmembrane receptors for ECM components (Hynes, 1992; Clark and Brugge, 1995) . Following association with their ligands, integrins induce reorganization of the actin cytoskeleton and associated proteins, resulting in the formation of cell-matrix adhesion sites.
The best-known class of matrix adhesions in cultured cells are the focal contacts (FCs), which can be visualized by electron microscopy or interference reflection microscopy (Abercrombie and Dunn, 1975; Izzard and Lochner, 1976; Jockusch et al., 1995) . These sites contain a multitude of anchor and cytoskeletal molecules such as vinculin, paxillin, and talin (Burridge et al., 1992; Jockusch et al., 1995; Yamada and Geiger, 1997) as well as signal transduction molecules, such as focal adhesion kinase (FAK), C-terminus Src kinase (csk), protein kinase C, and others (for review, see Yamada and Miyamoto, 1995) . Recent studies have shown that the assembly and tyrosine phosphorylation of FCs depend on actomysin contractility, which in turn is regulated by cytoplasmic factors such as Rho, caldesmon, or microtubular integrity (Jockusch et al., 1995; Bershadsky et al., 1996; Chrzanowska-Wodnicka and Burridge, 1996; Craig and Johnson, 1996; Gilmore and Burridge, 1996; Burridge et al., 1997; Pelham and Wang, 1997; Helfman et al., 1999; Zamir et al., 1999) .
The specific type of integrin present in matrix adhesions can vary, depending on the nature of the underlying ECM. The dominant integrin in mature FCs is ␣ v ␤ 3 (Dejana et al., 1988; Singer et al., 1988; Fath et al., 1989) . In addition, however, fibroblasts can form a distinct class of adhesive contacts in which cell surface integrins bind to fibronectin fibrils in fibrillar adhesions (Chen and Singer, 1982; Chen et al., 1985; Singer et al., 1988) . Moreover, it has been shown that fibronectin uniformly adsorbed on the culture substrate can be cleared from under the FC and reorganized into fibrils (Avnur and Geiger, 1981) . Thus, the process of classical FC assembly may reflect only one type of association of integrins with the ECM, and different cells can display different patterns of matrix adhesions. For example, FC and fibronectin fibrils appear to be colocalized in NIL-8 cells (Hynes and Destree, 1978 ), yet FN is absent from beneath the FC of epithelial and other fibroblastic cells (Chen and Singer, 1980; Fox et al. 1980; Avnur and Geiger, 1981) .
This notion of distinct types of matrix adhesions was recently corroborated by digital microscopic observations of fibroblasts double-labeled for pairs of adhesion-associated molecules (Zamir et al., 1999) . This study established that FCs and fibrillar adhesions differ in their cytoskeletal association and in the composition of the submembrane plaque (Zamir et al., 1999) . However, the mechanism responsible for the differential assembly of the two types of matrix adhesions was unclear.
In the present study, we investigated the assembly of fibrillar adhesions and FCs and then identified a crucial physical regulator governing the choice between these two distinct types of matrix adhesion. We first characterized the differential distribution of selected integrins and cytoskeletal components in each type of adhesion in human fibroblasts cultured on fibronectin. We show here that the ␣ 5 ␤ 1 fibronectin receptor is excluded from the core of FC and is mainly associated with their periphery as well as with fibronectin-associated fibrils. In contrast, the ␣ v ␤ 3 integrin is confined to FCs. We hypothesize that the fibrillar distribution of ␣ 5 ␤ 1 integrin might be dependent on its ability to reorganize fibronectin into fibrils. To test this hypothesis, we cultured cells on fibronectin that was covalently linked to the substrate. This immobilization of fibronectin did not have any major effect on its concentration or apparent conformation on the substrate, yet it dramatically changed integrin localization, altered the composition of cytoskeletal molecules in adhesion sites, and inhibited cell motility. These results indicate that the physical state of the ECM, not just its composition, plays a critical role in the regulation of differential assembly of adhesion sites.
MATERIALS AND METHODS

Cells, Chemical Reagents, and Antibodies
Primary human foreskin fibroblasts were kindly provided by Susan S. Yamada (National Institute of Craniofacial and Dental Research, National Institutes of Health, Bethesda, Maryland). Rat anti-human ␣ 5 integrin (mAb 11), rat anti-human ␤ 1 integrin (mAb 13), and mouse anti-human activated ␤ 1 integrin (12G10) monoclonal antibodies were previously described (Akiyama et al., 1989; Miyamoto et al., 1995a; Mould et al., 1995 Mould et al., , 1996 Humphries, 1996) . Mouse anti-␣ v integrin was obtained from the American Type Culture Collection (Manassas, VA). Anti-human fibronectin antibodies were either rat monoclonal (11E5 and 16G3; Nagai et al., 1991) or a rabbit polyclonal (R745; unpublished results). Mouse anti-human vinculin monoclonal antibody was kindly provided by V. Koteliansky (Biogen, Boston, MA), and rabbit anti-vinculin polyclonal antibody (R694) was prepared against purified chicken vinculin (Geiger, 1979) . Mouse monoclonal antibodies to FAK, paxillin, and tensin were purchased from Transduction Laboratories (Lexington, KY). Polyclonal rabbit anti-phosphotyrosine antibody (PT40) was kindly provided by Israel Pecht and Arie Licht (Weizmann Institute, Rehovot, Israel). Rhodamine-labeled phalloidin was purchased from Molecular Probes (Eugene, OR). Fluorescein-or rhodamine-conjugated goat F(abЈ) 2 anti-mouse or anti-rabbit immunoglobulin G were from Biosource International (Camerillo, CA), and Cy3-conjugated goat anti-mouse immunoglobulin G was from Jackson Laboratories (West Grove, PA). Poly-l-lysine was purchased from Sigma Chemical Co. (St. Louis, MO).
ECM Coating of Coverslips
Coverslips were coated with 50 g/ml poly-l-lysine in PBS for 20 min, washed with water, and incubated with either PBS (control) or 1% glutaraldehyde (Fluka, Ronkonkoma, NY) for 15 min. The coverslips were then extensively washed and incubated with 100 l of FN (at 10 g/ml in PBS) for 30 min. The coverslips were washed three times with PBS and blocked with 1 M ethanolamine, pH 7.0 (Fluka, Ronkonkoma, NY) for 20 min and then washed with PBS. Human foreskin fibroblasts (2 ϫ 10 5 cells) were plated on 18-mm coverslips in Dulbecco's modified Eagle's medium supplemented with 0.5% FCS and incubated at 37°C in a humidified incubator for 16 h in an atmosphere of 10% CO 2 and 90% air. To examine the possible effect of the glutaraldehyde fixation on the conformation or the density of fibronectin on the glass, coverslips coated with either immobilized or control fibronectin were washed with PBS, fixed for 20 min in PBS containing 3% parformaldehyde, and immunofluorescently labeled using either 11E5, 16G3, or R745 anti-fibronectin antibodies. Digital images were acquired using a digital microscopic system (see below).
Indirect Immuofluorescence
Cultured cells were fixed and permeabilized for 3 min in PBS containing 0.5% Triton X-100, 4% formaldehyde, and 5% sucrose and then were fixed further with 4% formaldehyde and 5% sucrose in PBS for 20 min. The cells were then incubated for 1 h with the primary antibodies in PBS, washed, and further incubated with the appropriate secondary antibodies for 1 h. After extensive washes, coverslips were mounted in Gel/Mount (Biomeda, Foster City, CA) containing 1 mg/ml p-phenylenediamine (Fluka) to inhibit photobleaching. Cells were examined and photographed using a Zeiss (Oberkochen, Germany) Axiophot photomicroscope.
Digital Fluorescence Ratio Imaging Analysis of the Molecular Composition of Cell-Matrix Adhesion Sites
The system for computerized microscopy and fluorescence ratio imaging was described in detail elsewhere (Kam et al., 1995; Zamir et al., 1999) . Briefly, images of double-stained cells were acquired using an Axioscope microscope (Zeiss) equipped with a chargedcoupled device (CCD) camera (model C220; Photometrics, Tucson, AZ) with Texas Instruments (Dallas, TX) 1024 ϫ 1024 pixels chip readout generating 12-bit digital data. In the present study, cells were examined with a 100ϫ/1.3NA plan-Neofluar objective (Zeiss), resulting in a pixel length of 0.118 m. Correction for nonhomogenous illumination and pixel-to-pixel variations in CCD sensitivities as well as aligning the Cy3 image and the FITC image, were routinely performed. The images were then high-pass filtered with a box size of 4.7 ϫ 4.7 m and thresholded to eliminate the background fluorescence. Ratio images (Cy3/FITC) were then calculated and presented in a spectral, log scale, color look-up table that ranged from blue for low Cy3/FITC ratios (Յ0.1) to red for high Cy3/FITC ratios (Ն10). To utilize optimally this range of two orders of magnitude and to compensate for the differences in antibody binding and photon yields of different secondary antibodies, all the ratios were normalized linearly by a constant that shifted their average toward a ratio value of 1.
Measurements of Cell Migration Rates
The migration rates of human foreskin fibroblasts on the different substrates were measured as previously described (Savagner et al., 1997) . Briefly, cells were plated on ECM-coated coverslips, and 16 h later the migration of single cells was recorded for 5 h using an Opton inverted microscope (Zeiss) equipped with a CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan). In each experiment 18 -22 cells were examined (repeated twice). Statistical analysis was done with Instat software (GraphPad Software, San Diego, CA).
RESULTS
Primary Human Fibroblasts Generate Two Distinct Types of Cell-Matrix Adhesion Sites
Integrins mediate the specific association of cells with the ECM and the assembly of cytoplasmic cytoskeletal and signaling complexes (for reviews, see Burridge et al., 1997; Yamada and Geiger, 1997) . In the present study we examined the effects of altering the physical properties of the ECM on the distribution of the ␣ 5 ␤ 1 integrin, its ligand fibronectin, and various anchor and cytoskeletal molecules. As shown in Figure 1 , A and B, paxillin was localized predominantly in FCs at the periphery of cells, with very low labeling along fibronectin fibrils. Similar distribution patterns were observed for other cytoskeletal or FC-associated molecules, including vinculin, FAK, and ␣-actinin (our unpublished observations). We did not detect fibronectin in classical FC (Figure 1 , A and B), in agreement with previous studies (Chen and Singer, 1980; Avnur and Geiger, 1981) . In striking contrast, tensin was localized primarily along fibronectin fibrils, with only faint staining in FCs ( Figure 1 , C and D). Thus, the cytoskeletal complex associated with fibronectin fibrils appears to be distinctly different from that present in FCs. The segregation of these molecules into the two different types of adhesions was, however, incomplete: variable but significant levels of tensin were detected in FCs ( Figure 1C ). Quantitative information on the molecular properties of the two classes of cell-matrix adhesions was obtained by digital microscopy, followed by fluorescence ratio image analysis (Zamir et al., 1999) . Double immunofluorescence microscopy indicated that the fibronectin receptor (visualized with anti-␣ 5 integrin monoclonal antibody) was predominantly associated with fibrillar structures (Figure 2 ), whereas the staining for the vitronectin receptor (using anti-␣ v integrin monoclonal antibody) was associated with classical FC structures ( Figure 2 ). Some ␣ 5 integrin was identified at the periphery of FCs, often forming "needle eye" patterns ( Figure 2 ). The distribution of ␤ 3 integrin was similar to that of the ␣ v subunit, whereas activated ␤ 1 integrin identified by the monoclonal antibody 12G10 (Mould et al., 1995) colocalized with the ␣ 5 subunit (our unpublished results). Thus, the two different integrins ␣ 5 ␤ 1 and ␣ v ␤ 3 are sorted into two distinct types of cell-matrix adhesions.
Next, we compared the distribution of the ␣ 5 integrin to that of tensin and vinculin in adhesion sites. As shown in Figure 1C , tensin was mainly associated with the ␣ 5 integrinand fibronectin-containing fibrillar structures, whereas the distribution of vinculin and ␣ 5 integrin were largely mutually exclusive (Figure 2 ). Double immunolabeling also indicated that the ␣ 5 integrin and its ligand fibronectin largely colocalized at most sites.
It has been previously established that FCs and actin stress fibers are interdependent structures, because FCs are the major membrane anchors of the actin cytoskeleton and the integrity of the actin cytoskeleton is required to maintain the structure of FCs Burridge et al., 1990; Volberg et al., 1994; Bershadsky et al., 1996) . To examine for differential interactions of the actin cytoskeleton with fibrillar adhesions and FCs, we performed double immunofluorescence staining for the different integrins and F-actin. As shown in Figure 3 , fibrillar adhesions localize along thin actin filaments that appear structurally distinct from the thicker actin stress fibers (Figure 3 , AЈ and BЈ), whereas classical FCs are associated with the termini of actin stress fibers (Geiger, 1979; Burridge and Fath, 1989; Burridge et al., 1990) .
The maintenance of actin stress fibers and FCs depends on the contractility of the actin-myosin cytoskeleton (Bershadsky et al., 1996; Chrzanowska-Wodnicka and Burridge, 1996; Helfman et al., 1999) , and their integrity is impaired by inhibitors of myosin light chain kinase or of Rho kinases, such as H-7 or ML-7, which impair cellular contractility (Volberg et al., 1994; Zhong et al., 1997) . In a previous study we showed that although actomyosin contractility is required to maintain both actin stress fibers and FCs, it may not be essential for the maintenance of fibrillar adhesions (Zamir et al., 1999) .
The results of immunofluorescence staining for different integrins and adhesion-associated molecules further distinguish the two different cell-matrix adhesions as summarized in Table 1 . These data indicate that FCs contain predominantly the ␣ v ␤ 3 integrin and a specific set of cytoskeletal molecules and that their maintenance depends on actomyosin contractility. Fibrillar adhesions, on the other hand, contain ␣ 5 ␤ 1 integrin, its ligand fibronectin, and tensin as the major cytoskeletal component, and they are less sensitive to inhibition of actomyosin. Moreover, confocal microscopic analyses confirmed that FCs were localized only at the ventral cell surface, whereas fibrillar adhesions were observed on both the ventral and dorsal aspects of the plasma membrane (our unpublished results).
Fibrillar Adhesions Contain Low Levels of Phosphotyrosine
One of the characteristics of FC is their high level of tyrosine phosphorylation (Burridge et al., 1992) . This feature is attributed to the association of several tyrosine kinases and their substrates with FCs (for review, see Yamada and Geiger, 1997). As described above, potentially highly phosphorylated molecules such as FAK and paxillin were present in FCs but were absent from fibrillar adhesions. We therefore compared the phosphotyrosine (pTyr) levels in the two types of adhesions. Figure 4 shows that fibrillar adhesions (labeled by ␣ 5 integrin) contained very low levels of pTyr. In contrast, FCs (labeled by ␣ v integrin) were highly phosphorylated, as expected. Previous studies established that cell adhesion to fibronectin stimulates tyrosine phosphorylation of several adhesion-associated molecules, such as FAK and paxillin (Burridge et al., 1992; Hanks et al., 1992) . However, quantitative analyses indicated that the levels of pTyr are very low along fibronectin fibrils (Figure 4) . FCs, on the other hand, usually contained high levels of pTyr, yet almost no fibronectin (see also Figure 1 ).
Effects of Fibronectin Immobilization on the Assembly of Matrix Adhesions
In view of the observation that the formation of fibrillar adhesions involves mobilization and reorganization of fibronectin, we tested the hypothesis that matrix mobilization is responsible for the segregation of FCs and fibrillar adhesions. To determine whether the covalent immobilization of fibronectin had major effects on its levels or conformation, we performed a quantitative immunofluorescence microscopic assay using a polyclonal and two different monoclonal anti-fibronectin antibodies. The monoclonal antibodies interact with distinct epitopes located at either N-terminal or C-terminal regions of the 37-kDa cell-binding domain of fibronectin ( Figure 5A ; Nagai et al., 1991) . The rabbit polyclonal anti-fibronectin is an adhesion-inhibitory antibody (unpublished data). As shown in Figure 5B , all three anti- Primary human fibroblasts were cultured on coverslips for 16 h. Double immunofluorescence staining was then performed with antibodies to ␣ 5 integrin compared with ␣ v integrin (mouse anti-␣ v integrin monoclonal antibody followed by Cy3-conjugated goat anti-mouse antibody, and rat anti-␣ 5 integrin monoclonal antibody followed by FITC-conjugated goat anti-rat antibody; first column of panels, left), tensin (mouse anti-tensin monoclonal antibody followed by Cy3-conjugated goat anti-mouse antibody with rat anti-␣ 5 integrin monoclonal antibody followed by FITC-conjugated goat anti-rat antibody; second column), vinculin (rabbit anti-vinculin followed by FITC-conjugated goat anti-rabbit antibody with rat anti-␣ 5 integrin monoclonal antibody followed by Cy3-cojugated goat anti-rat antibody; third column), or fibronectin (rat anti-␣ 5 integrin monoclonal antibody followed by Cy3-cojugated goat anti-rat antibody with FITC-conjugated goat anti-fibronectin antibody; right column). Cy3 and FITC images are presented in the top and second row, respectively. Superimposed images of Cy3 and FITC double-labeled images are shown in the third row. Ratio image analyses of the Cy3 and FITC-double labeled images were performed as described in MATERIALS AND METHODS, and the resulting images are shown in the bottom row. Spectrum color scale indicates the value of the ratios. Note the colocalization of ␣ 5 integrin with tensin and fibronectin in fibrillar adhesions and the sorting of ␣ 5 integrin from ␣ v integrin and vinculin into distinct structures, as reflected by the ratio images of these components.
bodies interact with routinely adsorbed versus covalently immobilized fibronectin to a comparable extent (differences not exceeding 30%), indicating that the different epitopes on fibronectin remain available for interactions, and are not blocked by the covalent linkage. These minimal changes contrast with the large differences in specific epitope exposure that can exist between soluble and substrate-adsorbed fibronectin molecules (Garcia et al., 1999) . Interestingly, the small differences detected in this study occurred similarly with all of the antibodies tested ( Figure 5B ), pointing to small differences in the total amount of surface-bound fibronectin after the treatments involved in immobilization, without gross conformational changes affecting only certain epitopes of the molecule.
To determine the effect of fibronectin immobilization on matrix adhesion, human fibroblasts were plated on immobilized or control (noncovalently adsorbed) fibronectin and then cultured for 16 h in medium containing 0.5% FCS. The cells were fixed and immunolabeled for fibronectin. As shown in Figure 5D , very little fibronectin rearrangement into fibrils occurred when the cells were plated on the immobilized fibronectin for 16 h. Nevertheless, fibronectin immobilization had no apparent effect on the extent of cell spreading compared with cells plated on nonimmobilized fibronectin ( Figure 5, C and D) .
Fibronectin immobilization had a major effect on integrin distribution. Thus, in cells plated on immobilized fibronectin, ␣ 5 ␤ 1 integrin was associated with classical FCs, with Ratio imaging of tyrosine phosphorylation in cell-matrix adhesions. Primary human fibroblasts were cultured on coverslips for 16 h. Double immunofluorescence staining was then performed with antibodies to pTyr with ␣ 5 integrin (rat anti-␣ 5 integrin monoclonal antibody followed by Cy3-conjugated goat anti-rat antibody compared with mouse anti-pTyr monoclonal antibody followed by FITCconjugated goat anti-mouse antibody; first column of panels, left), ␣ v integrin (mouse anti-␣ v integrin monoclonal antibody followed by FITC-conjugated goat anti-mouse antibody paired with rabbit anti-pTyr antibody followed by Cy3-cojugated goat anti-rabbit antibody; second column), or fibronectin (rabbit anti-pTyr antibody followed by Cy3-cojugated goat anti-rabbit antibody with FITC-conjugated goat anti-fibronectin antibody; right column). Cy3 and FITC-labeled images are presented in the top and second row, respectively. Superimposed images of Cy3 and FITC-double labeled images are shown in the third row. Ratio image analysis of the Cy3 and FITC-double labeled images was performed as described in MATERIALS AND METHODS, and the resulting images are shown in the bottom row. Spectrum color scale indicates the value of the ratios. Note the colocalization of ␣ v integrin with pTyr in FCs, whereas the relative amounts of pTyr in fibrillar adhesions (containing ␣ 5 integrin and fibronectin) are low, as reflected by the ratio images of these components.
only a very small number of fibrillar adhesions ( Figure 6 , B and F). In contrast, when the cells were plated on nonimmobilized fibronectin, the ligand-associated ␣ 5 ␤ 1 integrin was predominantly localized along fibronectin fibrils (Figure 6, A and E) . Staining for total ␤ 1 integrins revealed a relatively diffuse distribution of this integrin in cells, irrespective of whether they were cultured on regular or immobilized fibronectin ( Figure 6, C and D) . The distribution of tensin in cells cultured on the different substrates was similar to that of the fibronectin-associated ␣ 5 ␤ 1 integrin. In cells cultured on either regular or immobilized fibronectin, the ␣ v ␤ 3 integrin was associated with typical FCs; it was colocalized with ␣ 5 ␤ 1 integrin only on immobilized fibronectin (our unpublished results). Next, the molecular composition of putative FCs containing the ␣ 5 ␤ 1 integrin was examined. As shown in Figure 7 , cells plated on immobilized fibronectin (in the presence of inhibitory anti-␣ v integrin monoclonal antibody to prevent potential ␣ v interactions) formed FCs containing ␣ 5 ␤ 1 integrin, vinculin, and other cytoskeletal components, including F-actin bundles and high levels of pTyr. Moreover, when the cells were cultured on an immobilized anti-␣ 5 monoclonal antibody, they spread and organized similar vinculin-and phosphotyrosine-containing FCs that were devoid of ␣ v integrins (unpublished results). It should be emphasized that cells cultured on poly-l-lysine alone in the absence of fibronectin spread poorly and formed virtually no FCs (unpublished results). These data directly demonstrate that the ␣ 5 ␤ 1 integrin can generate typical, highly phosphorylated FCs when associated with an immobilized, nondeformable matrix.
Effect of Fibronectin Immobilization on Cell Migration
Integrin-ECM interactions participate in the regulation of cell migration (Schmidt et al., 1993) . A recent study demonstrated that migration rates decrease when cells are plated on a less flexible substrate (Pelham and Wang, 1997) . To test for functional effects on cell migration rates when cells interact by different adhesions with the two types of fibronectin substrate, cells were plated for 16 h on immobilized or control (adsorbed) fibronectin, and migration rates were recorded by time-lapse video microscopy. As shown in Figure 8 , cells plated on immobilized fibronectin displayed a substantial reduction in migration rates compared with cells plated on the control fibronectin-coated substrate.
DISCUSSION
The main objective of the present study was to elucidate the roles of ECM molecular composition and physical properties (i.e., rigidity) in the assembly of matrix adhesions. Previous studies showed that integrin-mediated cytoskeletal assembly and signaling are hierarchical responses regulated by a combination of integrin occupancy and clustering (Miyamoto et al., 1995a,b) . These studies also indicated that integrins have the potential to form various types of cytoskeletal assemblies.
In the present study, we tested how a change in the physical properties of an ECM protein affects the assembly of different types of adhesion complexes. When we examined matrix ad- hesions in cells growing on regular fibronectin (coated on the culture dish), we found that two different integrins are associated with two distinct types of adhesions: 1) The ␣ v ␤ 3 integrin is associated with "classical" FCs, which display a high level of tyrosine phosphorylation, are enriched with paxillin, vinculin, ␣-actinin, and FAK and localize at the termini of actin stress fibers. 2) The ␣ 5 ␤ 1 integrin is localized mainly along fibronectin fibrils and forms fibrillar adhesions that contain relatively high levels of tensin as a major cytoskeletal component and low levels of tyrosine phosphorylation, vinculin, and paxillin. Fibrillar adhesions are clearly distinct from the previously described "apical plaques" (Katoh et al., 1996) , because they contain little or no paxillin and vinculin.
Part of this diversity in cytoskeletal complexes in adhesion sites could theoretically be attributed to molecular heterogeneity in the ECM itself, consisting of varying mixtures of proteins such as vitronectin, fibronectin, laminin, and collagen. Nonhomogenous matrices might induce a nonhomogenous distribution of the respective integrin receptors (Dejana et al., 1988; Dogic et al. 1998) and possibly differential interactions with integrin-associated cytoskeletal systems and/or signaling networks.
The question addressed here, however, was whether structural and molecular diversity of adhesion sites could be attributed to other properties of the ECM beside its molecular composition. Our working hypothesis was that the differential Figure 6 . ␣ 5 ␤ 1 integrin localizes to FCs of cells cultured on immobilized fibronectin. Primary human fibroblasts were cultured for 16 h on control, nonimmobilized fibronectin (A, C, and E) or on immobilized fibronectin (B, D, and F). Immunofluorescence staining was then performed for ␣ 5 integrin (rat anti-␣ 5 integrin monoclonal antibody followed by FITC-conjugated goat anti-rat antibody; A and B), the total population of ␤ 1 integrin molecules (rat anti-␤ 1 integrin monoclonal antibody followed by FITC-conjugated goat anti-rat antibody; C and D), or activated ␤ 1 integrin (␤ 1 *) molecules (mouse anti-activated ␤ 1 integrin monoclonal antibody followed by Cy3-conjugated goat anti-mouse antibody; E and F). Activated ␣ 5 ␤ 1 integrins localize predominantly in fibrillar adhesions of cells cultured on control fibronectin (arrows), but in the FCs of cells plated on immobilized fibronectin (arrowheads). Bar, 15 m.
assembly of focal and fibrillar contacts depends on an active reorganization of the ECM and specifically by the mobilization of substrate-bound fibronectin and its assembly into fibrils during the formation of fibrillar adhesions.
This hypothesis implies that cellular forces applied to newly formed adhesions may drive the ␣ 5 ␤ 1 integrin associated with a "soft" or "deformable" fibronectin matrix out of the "classic FCs," where the cells attach to ECM that is Primary human fibroblasts were cultured on control, nonimmobilized fibronectin (left) or on immobilized fibronectin (right) for 16 h, both in the presence of inhibitory anti-␣ v integrin monoclonal antibody. The following immunofluorescence stainings were then performed: ␣ 5 integrin (rat anti-␣ 5 integrin monoclonal antibody followed by FITC-conjugated goat anti-rat antibody; top row), ␣ v integrin (mouse anti-␣ v integrin monoclonal antibody followed by Cy3-conjugated goat anti-mouse antibody; second row), vinculin (rabbit antivinculin antibody followed by Cy3-conjugated goat anti-rabbit antibody; third row), pTyr (rabbit anti-pTyr antibody followed by Cy3-conjugated goat anti-rabbit antibody; fourth row), and F-actin (rhodamine-conjugated phalloidin; bottom row). Bar, 10 m.
tightly bound to the external surface (e.g., vitronectin). To test this hypothesis, we directly examined whether association of the ␣ 5 ␤ 1 integrin with covalently immobilized, nondeformable fibronectin would result in the assembly of adhesion sites with different morphology and molecular composition. We confirmed that cells plated on control, nonimmobilized fibronectin reorganized the planar matrix to form fibrils enriched in activated ␣ 5 ␤ 1 integrins. On the other hand, when cells were cultured on immobilized fibronectin, a restricted localization of activated ␣ 5 ␤ 1 integrins to FCs and a marked reduction in fibrillar adhesion formation were observed. The morphology and molecular composition of FCs, associated with this relocated ␣ 5 ␤ 1 integrin on immobilized fibronectin, was similar to that of FCs associated with ␣ v ␤ 3 integrin on vitronectin substrates. This result indicates that the physical state of the ECM, not only its molecular composition, is a critical factor in the sorting of integrins and the assembly of characteristic associated cytoskeletal structures and their tyrosine phosphorylation.
It should be noted that the specific types of integrins and the specific ECM molecules with which they interact may lead to heterogeneity of cytoskeletal assemblies. In the present study, we demonstrated that the localization of tensin is tightly linked to activated ␣ 5 ␤ 1 integrin and its association with fibronectin ( Figure 9 ). Tensin colocalized with ligand-occupied ␣ 5 ␤ 1 integrins predominantly in fibrillar adhesions associated with fibronectin fibrils as well as with FCs containing predominantly ␣ v ␤ 3 integrin. This localization indicates that it may associate with this integrin directly, or indirectly via other components of FCs. The possibility of a direct link between tensin and the ␤ 1 integrin cytoplasmic tail as well as between tensin and vinculin have been previously suggested (Lin, S., and Lin, D.C. The American Society for Cell Biology Annual Meeting, 1996. Abstract 2259). However, fibrillar adhesions are rich in tensin, but contain very little vinculin. This observation may indicate that the molecular interactions that mediate tensin-vinculin association are not available within fibrillar adhesions. Interestingly, we also observed in fibrillar adhesions very low levels of additional molecules previously identified as putative direct ligands for the ␤ 1 integrin cytoplasmic tail (e.g., ␣-actinin, FAK, and paxillin [Pavalko et al., 1991; Otey et al., 1993; Schaller et al., 1995] ), even though these sites contained the activated, ligand-occupied form of this integrin, as identified by an activated integrin epitope-specific antibody. These cytoskeletal components became colocalized with ␣ 5 ␤ 1 integrin in FCs of cells cultured on an immobilized fibronectin substrate. This finding indicates that the changes in the physical state of the ECM may radically alter the organization, composition, and signaling activity of integrin-mediated adhesions (Figure 9 ). One possible mechanism that may be involved in the delivery of critical assembly signals is actomyosin-mediated cytoskeletal contractility (Bershadsky et al., 1996; Chicurel et al., 1998; Helfman et al., 1999) .
FC assembly depends on the formation of tension, regulated both by intrinsic cytoskeletal contractility and the properties of the extracellular substrate Pelham and Wang, 1997) . In contrast, fibrillar adhesions are maintained even when cell contractility is inhibited with specific drugs (Zamir et al., 1999) . Recent studies indicate that the generation of tension may be a cardinal factor in the induction of integrin-mediated tyrosine phosphorylation (Bershadsky et al., 1996; Schmidt et al., 1998 , Helfman et al., 1999 , and may also regulate the strength of integrin-cytoskeleton linkage (Choquet et al., 1997) . Here, we provide evidence that the ␣ 5 ␤ 1 integrin can be associated with two types of adhesions, depending on the degree of matrix "deformability" or "rigidity." Thus, it can form highly phosphorylated adhesion sites (FCs) when associated with immobilized fibronectin or typical fibrillar adhesions when the underlying fibronectin can be mobilized to form fibrils.
Possible interrelationship between the two types of adhesion sites may exist. Some ␣ 5 ␤ 1 integrin is localized at the periphery of FCs (e.g., Figure 2 , first panel, left), suggesting that different integrins may be associated with subregions within single adhesion sites. Immunofluorescence staining provides only static views of the molecular organization of the adhesion sites. However, the variability in the molecular composition of cell-matrix adhesions, observed in this study and in our previous study (Zamir et al., 1999) , indicates that the assembly of FCs and the formation of FAs is a highly dynamic process. In a recent study we have addressed this aspect by expressing in cells fusion proteins of GFP and various anchor proteins. This study showed that fibrillar adhesions assemble in FCs before they undergo centripetal translocation toward the cell center (Zamir et al., 2000) . The physical properties of the ECM may thus provide important regulatory signals governing the shape and molecular composition of adhesion sites in a variety of physiological states. For example, the involvement of fibronectin in wound healing processes is well documented (Herard et al., 1996; Nakamura et al., 1997) . At early stages of the wound healing process (up to day 5 after an injury), fibroblasts migrate into the injured tissue and assemble fibronectin fibrils, without developing large actin bundles (Welch et al., 1990) . These stages may involve interactions of the cells with a "soft" matrix, resulting in increased migration rates and limited formation of actin bundles. At later stages (from day 7 after an injury), actin bundles are formed and contraction of the granulation tissue occurs (Welch et al., 1990) . Some pathological states (e.g., Dupuytren's disease) may involve extensive tissue contraction associated with the formation of adhesion sites that contain both fibronectin and actin filaments (Tomasek and Haaksma, 1991) . Thus, the two types of adhesion sites studied here in cultured fibroblasts may represent different types of adhesions involved in physiological or pathological processes in vivo. This study demonstrates that integrins can provide cells with a mechanism to explore and respond to the physical state of the ECM. Summary diagram: integrin-mediated cytoskeletal assembly and cell migration are both controlled by the physical status of the ECM. Binding of the ␣ 5 ␤ 1 integrin to its ligand fibronectin results in the formation of fibrillar adhesions that contain tensin as a major cytoskeletal component and that are associated with actin filaments. Matrix immobilization prevents matrix reorganization and formation of fibrillar adhesions. When the same integrin binds to an immobilized fibronectin ligand, it forms typical, highly phosphorylated FCs that associate with the termini of actin stress fibers, accompanied by reduction of cell migration rates. The latter FC type of adhesion depends on actomyosin-mediated contractility that can be inhibited by H-7 or ML-7. In contrast, fibrillar adhesions are not disrupted by these inhibitors.
